We consider chaotic inflation models with a pseudo-scalar field containing the couplings to the four-form flux. The four-form coupling to the inflaton induces a quadratic potential while the coexisting non-minimal four-form coupling to gravity generates a non-minimal gravity coupling for the inflaton. The derived inflaton couplings respect the shift symmetry which is broken spontaneously. We discuss the success of inflationary predictions and robustness against higher order terms. Finally, the reheating process through the trace of the energy-momentum tensor is also addressed.
INTRODUCTION
Recently, there has been a renewed interest in fourform fluxes as a dynamical relaxation mechanism of cosmological constant and Higgs mass [1] [2] [3] . The gauge fields corresponding to four-form fluxes are not dynamical in 4D, but the four-form fluxes are variable quantities in the presence of membranes [4, 5] . The four-form couplings to a pseudo-scalar field [6] or the Standard Model Higgs [1] [2] [3] 7] have been introduced before. In particular, in the case of a pseudo-scalar field, the four-form coupling induces a quadratic potential for the pseudo-scalar without an explicit breaking of the shift symmetry. There were also interesting discussions on quintessence [8] and inflation [6] in this context. A consistent effective theory description of inflation is very important for the robustness of inflationary predictions, so inflation models based on symmetry arguments are preferred.
In this article, we consider a pseudo-scalar chaotic inflation based on the four-form coupling and introduce a non-minimal gravity coupling to the four-form flux. In turn, there appears a non-minimal gravity coupling for the pseudo-scalar field which also respects the shift symmetry. Then, we show how the non-minimal inflaton coupling to gravity opens up a new parameter space where the inflationary predictions are consistent with observations, and both unitarity problem and higher order interactions are well under control.
The paper is organized as follows. We first give the model description and derive new interactions for the pseudo-scalar field due to four-form flux. Then, we present new results on the inflationary predictions and discuss unitarity and robustness issues. Then, we end up with comments on reheating in this scenario and conclusions are drawn.
THE MODEL
We consider a pseudo-scalar field φ, a three-index anti-symmetric tensor field A νρσ and its four-form field strength F µνρσ = 4 ∂ [µ A νρσ] . Then, the most general Lagrangian with four-form field couplings to φ is
with
Here, the scalar potential V (φ) could arise due to an explicit breaking of the shift symmetry for the pseudoscalar field. In the interaction Lagrangian L int in eq. (3), µ is a dimensionful four-form coupling to the scalar field was introduced in the literature [6, 8] , and α is a dimensionless non-minimal four-form coupling to gravity [3] . We note that L S is the surface term necessary for the well-defined variation of the action with the antisymmetric tensor field, and q in L L (in eq. (5)) is the Lagrange multiplier, and L memb is the membrane action coupled to A νρσ with membrane charge e. Here, ξ a are the membrane coordinates, x(ξ) are the embedding coordinates in spacetime and ǫ abc is the volume form for the membrane. We also note that the R 2 term in eq. (2) is introduced to ensure the stability of the non-minimal four-form coupling to gravity [3] , as will be discussed later.
Deriving the equation of motion for F µνρσ as follows,
and integrating out F µνρσ [6] , we obtain the full Lagrangian (1) as
As a result, the equation of motion for A νρσ makes the four-form flux q dynamical [5] , according to
The flux parameter q is quantized in units of e as q = e n with n being integer.
FROM FOUR-FORM TO NON-MINIMAL GRAVITY COUPLINGS
From the result in eq. (8), we rearrange terms in the following form,
The Lagrangian in the above form manifests itself the symmetry structure. That is, as far as V (φ) = 0, there is a shift symmetry for φ in the full Lagrangian (10), because the Lagrangian is invariant under φ → φ + c and q → q − µc with c being constant. But, once q is determined by the equation of motion (9), the shift symmetry is broken spontaneously [6] . If φ is stabilized at φ 0 due to the potential V (φ), we can have the effective cosmological constant as Λ eff = Λ + 1 2 (µφ 0 + q) 2 , so the relaxation of the cosmological constant occurs due to the four-form flux [1] [2] [3] [4] [5] . Now we follow a similar procedure as in Ref. [3] to further simplify the full Lagrangian (10) . First, performing a dual transformation of the R 2 term in eq. (10) in terms of a real scalar field χ, we obtain the Lagrangian (10) as
with Ω(φ, χ, q) = 1 + α µφ + q + ζ 2 − α 2 χ. (12) Furthermore, making the field redefinition by
we rewrite eq. (11) in Jordan frame as
As far as ζ 2 > α 2 , the potential for a new scalar field σ is bounded from below, so the stability of the potential is ensured even in the presence of the non-minimal fourform coupling to gravity. The sigma field has a linear non-minimal coupling to gravity, but without a kinetic term. Nonetheless, the sigma field is dynamical due to the kinetic mixing with graviton, as will become clear shortly.
For ζ α and µ M P , we can integrate out the sigma field, that is, σ = µφ + q, from the potential for the sigma field in eq. (15), so Ω = 1 + α(µφ + q). The flux parameter q is fixed by the equation of motion, and we assume V (φ) = Λ = 0. Then, making a Weyl scaling of the metric by g µν = g E µν /Ω, we obtain the effective Lagrangian for a single-field inflation in Einstein frame as follows,
For small inflaton field values, we can define the canonically normalized inflaton byφ = (1 + 3 2 (αµ)
2 ) 1/2 φ and identify from eq. (16), higher order terms for the inflaton, φ n (Λn) n−4 , with n > 4 and the cutoff scale being given by
Therefore, for αµ 1, the cutoff scale is of order the Planck scale or higher. Moreover, interestingly, even for αµ 1, the cutoff scale is saturated to the order of Planck scale independent of αµ, due to a large rescaling of the inflaton kinetic term [10, 11] . But, we take αµ 1 to keep µ M P for α 1 in the later discussion.
INFLATION FROM FOUR-FORM COUPLINGS
We are now in a position to discuss the inflationary dynamics. If α(µφ+q) 1, it is the case for quadratic inflation without a non-minimal four-form coupling to gravity [6] , which is not favored by Planck data [12] . Thus, we take α(µφ + q) 1 with αµ ∼ 1 where the non-minimal four-form coupling to gravity becomes crucial. In this case, we can find the approximate form of the canonical field ϕ from eq. (16) as
Then, the inflaton potential can be now written as
As a result, we obtain the slow-roll parameters as follows,
. (23) Moreover, the number of efoldings is
where ϕ * is the inflation field value at horizon exit and ϕ f is the inflaton field value at the end of inflation, i.e. ε f = 1 leads to ϕ f ≈ (128/α 4 µ 4 ) 1/6 . Therefore, from eqs. (22) and (23), we determine the spectral index n s as
The tensor-to-scalar ratio is also given by
We note that the measured spectral index and the bound on the tensor-to-scalar ratio are given by n s = 0.9670 ± 0.0037 and r < 0.07 at 95% C.L., respectively, from Planck 2018 (TT, TE, EE + low E + lensing + BK14 + BAO) [12] On the other hand, the normalization of CMB anisotropies with
Consequently, for αµ = 1 and N = 50(60), the spectral index and the tensor-to-scalar ratio become n s = 0.966(0.972) and r = 0.011(0.0086), respectively, so the results are in perfect agreement with Planck 2018 within 1σ [12] . In this case, the four-form couplings should be α = 3.8(4.4) × 10 4 and µ = 6.3(5.5) × 10 13 GeV.
We comment on the robustness of the inflationary predictions in our model. Suppose that higher order terms for the inflaton potential appear only due to the fourform couplings, as follows,
where Λ is the cutoff of the effective theory, c n is the order one coefficient and the ellipse contains higher curvature terms which are not relevant for the inflation dynamics as we discussed before. As a result, with Λ = M P , the inflationary predictions are still valid as far as
Here, the lower bound comes from the slow-roll condition and the upper bound comes from the suppression of higher order interactions. Therefore, since MP √ α ≪ M P for α ≫ 1 in our case, there is a window of parameter space where the inflationary predictions are robust against higher order interactions.
Before ending the section, we remark the reheating dynamics in our model. Although the inflaton does not couple directly to the Standard Model in Jordan frame, the inflaton couplings are induced in going to the Einstein frame through the trace of the energy-momentum tensor, T µ µ [11] , as follows,
During reheating, the inflaton potential becomes quadratic as V I ≃ 1 2 (µφ + q) 2 , so the reheating temperature can be determined from the perturbative decay of the inflation. Since the inflaton decays dominantly into the SM Higgs and W, Z-bosons [11] , the inflaton decay rate is determined to be
As a result, for αµ = 1, the reheating temperature is given by
Therefore, the reheating temperature is large enough to accommodate thermal leptogenesis and thermal production of dark matter. The discussion on those interesting issues will be postponed to a future publication.
CONCLUSIONS
We have suggested a non-minimal four-form coupling to gravity in chaotic inflation scenarios. For the four-form flux couples minimally to gravity, chaotic inflation is of quadratic type so it is observationally disfavored. Then, adding the non-minimal four-form coupling to gravity induces a non-minimal coupling for the pseudo-scalar field and makes the inflaton potential deviate from being quadratic and become constant at large field values.
We showed that there is no unitarity violation below the Planck scale in the parameter space of our interest. Moreover, we found that higher order terms for the inflaton are of particular form respecting the shift symmetry, thus they are well under control in the presence of a large non-minimal gravity coupling for the four-form flux.
